1. Introduction {#sec0005}
===============

Peripheral neuropathy is a dose - limiting side effect of several classes of anticancer drugs including paclitaxel, oxaliplatin, cisplatin, vincristine and bortezomib[@bib0005]. These drugs produce typical manifestations of neuropathy within a week, which includes spontaneous pain, allodynia and hyperalgesia, that results in discontinuation of chemotherapy schedule by cancer patients. Attenuation of peripheral neuropathy shall ensure greater patient compliance to chemotherapy. Currently available drugs such as anticonvulsants (e.g. gabapentin, carbamazepine), local anesthetics (lidocaine), opioids (e.g. tramadol, morphine), tricyclic antidepressants (amitryptyline) and selective serotonin reuptake inhibitors have limited efficacy in amelioration of peripheral neuropathy because of the diverse aetiology and complex pathophysiology[@bib0010]. In addition, these drugs *per se* produce numerous side effects[@bib0015]. Thus, there is an unmet clinical need and a challenge to develop more effective therapies for the management of peripheral neuropathy.

A few reports indicate that flavonoids such as myricitrin[@bib0020], quercetin and rutin[@bib0025], [@bib0030] were inhibit various types of neuropathy in animal models. In a recent study, four trimethoxy flavone derivatives (7, 2′, 3′ -- trimethoxy flavone, 7, 2′, 4′ -- trimethoxy flavone, 7, 3′, 4′ -- trimethoxy flavone and 7, 5, 4′ -- trimethoxy flavone) have been shown to possess antinociceptive property in mice[@bib0035]. Based on the aforementioned information, it was considered interesting to explore the potential effect of these trimethoxy flavones in peripheral neuropathy induced by a chemotherapeutic drug, paclitaxel in mice. Proinflammatory cytokines (TNF -- α, IL - 1β) and free radicals are implicated in the pathogenesis of peripheral neuropathy.[@bib0040] Hence, the effect of trimethoxy flavones on the above provocative factors was also considered for investigation

2. Methods {#sec0010}
==========

2.1. Animals {#sec0015}
------------

Adult Swiss albino mice of either sex weighing 25 -- 30 g were used in the present study. These were obtained from the animal house of the Meenakshi Medical College and Research Institute. The animals had free access to food and water and maintained at 24 ± 1° C temperature in a 12 h day/ 12 h night cycle. All the experiments were carried out between 09.00 and 13.00 hours to avoid circadian variation. The experiments were performed after approval of the protocol by the institutional animal ethics committee.

2.2. Drugs and Chemicals {#sec0020}
------------------------

The trimethoxy flavones (Research Organics, Chennai, India) used in the study; 7, 2′, 3′ - trimethoxy flavone, 7, 2′, 4′ - trimethoxy flavone, 7, 3′, 4′ - trimethoxy flavone and 7, 5, 4′ - trimethoxy flavone ([Fig. 1](#fig0003){ref-type="fig"}) were prepared as a fine suspension in 0.5% carboxy methyl cellulose (CMC) and injected s.c to mice. Morphine sulphate (Pharma Chemico Laboratories, Solan, Himachal Pradesh, India), Paclitaxel (Adley Formulations, Haryana, India) and Acetone (Merck Specialities Private Limited, Mumbai, India) were used in the study. Diagnostic kits (Cayman, USA) were used for *in vitro* assay of IL - 1β and TNF -- α.Fig. 1Structure of trimethoxy flavones (TMF).

2.3. Induction of peripheral neuropathy by paclitaxel {#sec0025}
-----------------------------------------------------

Peripheral neuropathy was induced[@bib0045] in mice according to the method described by Hidaka *et al*., (2009). Mice were injected i.p. with a single dose of 10 mg/kg paclitaxel diluted in normal saline (0.9% NaCl) just before use. The manifestations of peripheral neuropathy (tactile allodynia, cold allodynia and thermal hyperalgesia) were assessed 24 h after paclitaxel administration.

2.4. Tactile allodynia (Hair aesthesiometer test) {#sec0030}
-------------------------------------------------

The hair aesthesiometer test has been used to explore the dynamic responses to a tactile stimulus. The response to hair aesthesiometer has been described as allodynia because normal mice never withdraw from this stimulus. The mice were housed and habituated for 10 min in a transparent plastic box (7 X 7 X 13 cm) secured on a raised steel frame with the floor made of wire mesh. After the adaptation period, a 15 mm length of hair aesthesiometer was applied five times perpendicularly against the plantar skin of the each hind paw at an interval of 30 seconds. The paw withdrawal response was ranked as follows: 0 - no response, 1 - move away from the stimulus, 2 - immediate flinching of the hind paw [@bib0050]. The sum of the ten values noted from both hind paws served as the paw withdrawal response score. The paw withdrawal response score was noted prior to the drug treatment and 30 min after administration of various trimethoxy flavones in doses of 25, 50, 100 or 200 mg/kg, s.c. or morphine (10 mg/kg, s.c.).

2.5. Cold allodynia (acetone bubble test) {#sec0035}
-----------------------------------------

Cold allodynia test[@bib0055] was performed according to the method described by Flatters and Bennett, (2004). The mice were housed and habituated for 10 min in a transparent plastic box (7 X 7 X 13 cm) secured on a raised steel frame with the floor made of wire mesh. After the adaptation period, acetone bubble formed at the tip of a one ml syringe was applied to the plantar skin of hind paw and the paw withdrawal response was observed for a period of 20 sec. The withdrawal responses were ranked as follows: 0 - no response, 1 - immediate withdrawal, 2 - prolonged withdrawal, 3 -- licking/biting of the hind paw. The response was measured three times in each paw alternatively at an interval of 1 min. The sum of six values served as the paw withdrawal response score. The paw withdrawal response score was noted before drug treatment and 30 min after administration of various trimethoxy flavones in doses of 25, 50, 100 or 200 mg/kg, s.c. or morphine (10 mg/kg, s.c.).

2.6. Thermal hyperalgesia (hot water tail immersion test) {#sec0040}
---------------------------------------------------------

Thermal hyperalgesia[@bib0060] was assessed using hot water tail immersion method as previously described by Lauren *et al*., (2009). The mouse was restrained in a mouse holder and the tail (2 - 3 cm) of the mouse was immersed in hot water maintained at 48 ± 0.5 °C temperature. The time taken to flick the tail from the hot water was taken as the reaction time. A cut off time of 20 seconds was maintained. The reaction time was noted prior to the drug treatment and 30 min after drug treatment. Any increase in reaction time between these two readings is considered as anti - nociceptive response. Different trimethoxy flavones in doses of 25, 50, 100 or 200 mg/kg or morphine 10 mg/kg were administered s.c. to various groups of animals. The analgesic response was expressed as % maximum protective effect (MPE), which was calculated using the formula:$$\%\,\text{MPE} = \lbrack(\text{Test}\,\text{latency} - \text{Control}\,\text{latency})/(\text{Cut} - \text{off}\,\text{time} - \text{Control}\,\text{latency})\rbrack \times 100\text{.}$$

2.7. Effect of trimethoxy flavones on tumor necrosis factor alpha (TNF- α) and interleukin-1β (IL-1β) {#sec0045}
-----------------------------------------------------------------------------------------------------

Freshly heparinised human whole blood was used for this immunometric assay. This assay is based on a double antibody "sandwich" technique. Microwell plate supplied with the commercial kit (Cayman USA) has been coated with monoclonal antibody specific for TNF-α or IL-1β. They will capture any TNF-α or IL-1β introduced in the well. Various concentrations of trimethoxy flavones (dissolved and diluted in DMSO to 20-240 μM) were added to the well. 50 μl of acetylcholinesterase (AChE), which binds selectively to a different epitope on the TNF-α or IL-1β molecule, was also added to the well. When TNF-α or IL-1β was added to the well, the two antibodies form a sandwich by binding on opposite sides of the TNF-α or IL-1β molecule. The concentration of the analyte was then determined by measuring the enzymatic activity of the acetylcholinesterase by adding Ellman\'s reagent (which contains the substrate for AchE) to each well. The product of the AchE- catalysed reaction has a distinct yellow colour which shows strong absorbance at 412 nm. The intensity of this colour, determined spectrophotometrically is directly proportional to the amount of bound conjugate which in turn is proportional to the concentration of the TNF-α or IL-1β. Dexamethasone was used as a standard for TNF-α and IL-1β assay. The percentage cytokine inhibition was calculated from the following formula$$\%\,\text{of}\,\text{cytokines}\,\text{inhibition} = \frac{(\text{OD}\,\text{of}\,\text{control} - \text{OD}\,\text{of}\,\text{test})}{(\text{OD}\,\text{of}\,\text{control})}$$

2.8. DPPH radical scavenging activity of trimethoxy flavones [@bib0060] {#sec0050}
-----------------------------------------------------------------------

2, 2 diphenyl-1-picryl hydrazyl (DPPH) is a stable free radical, showing a deep violet colour, characterized by an absorption band in ethanol solution at 517 nm. DPPH is reduced to corresponding hydrazine in presence of a substance that can donate a hydrogen atom. Stock solution of DPPH was prepared by dissolving 25 mg of DPPH in 100 ml of ethanol. Two ml of reaction mixtures containing 1.9 ml of DPPH and 0.1 ml of various trimethoxy flavones (dissolved in ethanol) in concentrations of 20, 30, 60, 120 and 240 μM were prepared. Control reaction mixture without the test compound was prepared in an identical manner. The reaction was allowed to proceed in the dark for about 20 min. Then the absorbance of test mixture was read at 517 nm. The activity was compared with Vitamin C, which was used as a standard antioxidant. The percentage DPPH inhibition was calculated from the following formula$$\%\,\text{of}\,\text{DPPH}\,\text{inhibition} = \lbrack\text{Abs}_{\text{control}} - \text{Abs}_{\text{test}}/\text{Abs}_{\text{control}}\rbrack \times 100\text{.}$$

2.9. Nitrogen derived radical scavenging activity of trimethoxy flavones [@bib0070] {#sec0055}
-----------------------------------------------------------------------------------

This assay is based on the principle that sodium nitroprusside in aqueous solution at physiological pH spontaneously generates nitric oxide, which interacts with oxygen to produce nitrite ions. This can be estimated colorimetrically with Griess reagent. 3 ml of reaction mixture containing 2 ml of sodium nitroprusside in phosphate buffered saline and 1 ml of various concentrations (20, 30, 60, 120 and 240 μM) of the trimethoxy flavones dissolved in ethanol were incubated at 37^o^ C for 4 hours. A control sample without test compound was kept in an identical manner. After incubation, 0.5 ml of Griess reagent (100 ml of 1.0% sulfanilamide prepared in 3 M HCl) was added to the reaction mixture. The absorbance of the chromophore formed was read at 546 nm. The percentage inhibition of nitric oxide generation was measured by comparing the absorbance values of control and test compound. A standard antioxidant Vitamin C was used for comparison. The formula used for calculation was$$\%\,\text{nitrate}\,\text{inhibition} = \lbrack\text{Abs}_{\text{control}} - \text{Abs}_{\text{test}}/\text{Abs}_{\text{control}}\rbrack \times 100\text{.}$$

2.10. Statistical analysis {#sec0060}
--------------------------

The results were analysed by one way analysis of variance (ANOVA) followed by Dunnett\'s 't' test for multiple comparison or paired 't' test using SPSS 16 version software. A p value less than 0.05 was considered statistically significant. For in-vitro assays a mean of three observations has been presented. The IC ~50~ values of trimethoxy flavones for inhibition of cytokines and free radicals were obtained by linear regression analysis.

3. Results {#sec0065}
==========

3.1. Effect of trimethoxy flavones on paclitaxel - induced peripheral neuropathy {#sec0070}
--------------------------------------------------------------------------------

### 3.1.1. Tactile allodynia: {#sec0075}

Paclitaxel administration resulted in the development of tactile allodynia as reflected by an increase in the paw withdrawal response score to an innocuous mechanical stimulus. The mean paw withdrawal response score in vehicle treated animals was not significantly different from their pretreatment value. However, a significant reduction in paw withdrawal response score was observed in morphine treated mice when compared to the pretreatment value ([Table 1](#tbl0005){ref-type="table"}). A dose dependent attenuation of paw withdrawal response score was also recorded after treatment with different trimethoxy flavones when compared to their respective pretreatment values ([Table 1](#tbl0005){ref-type="table"}). The reduction in score was statistically significant in doses of 100 mg/kg and 200 mg/kg of trimethoxy flavones when compared to their pretreatment values. In a dose of 200 mg/kg, 7, 2', 3' -- trimethoxy flavone and 7, 3′, 4′ -- trimethoxy flavone showed maximum inhibition of paw withdrawal response score when compared to 7, 2′, 4′ -- trimethoxy flavone or 7, 5, 4′ -- trimethoxy flavone ([Table 1](#tbl0005){ref-type="table"}).Table 1Effect of trimethoxy flavones (TMF) on paclitaxel -- induced tactile allodynia in mice[@](#tblfn0010){ref-type="table-fn"}Table 1Dose of test compounds mg/kg, s.c.Paw withdrawal response score7, 2′,3′ -- TMF7, 2′,4′ -- TMF7, 3′,4′ -- TMF7, 5, 4′ -- TMFBefore treatmentAfter treatmentBefore treatmentAfter treatmentBefore treatmentAfter treatmentBefore treatmentAfter treatment2518.33 ± 0.4218.66 ± 0.6119.00 ± 0.3618.66 ± 0.4219.16 ± 0.4419.00 ± 0.3020.00 ± 0.0019.33 ± 0.425019.33 ± 0.4217.33 ± 0.8619.33 ± 0.4217.33 ± 0.6619.33 ± 0.4217.00 ± 0.6819.16 ± 0.4018.00 ± 0.7310019.00 ± 0.6812.66 ± 1.33[\*](#tblfn0005){ref-type="table-fn"}19.66 ± 0.3312.50 ± 0.71[\*](#tblfn0005){ref-type="table-fn"}19.00 ± 0.6813.00 ± 0.73[\*](#tblfn0005){ref-type="table-fn"}19.33 ± 0.4214.66 ± 0.42[\*](#tblfn0005){ref-type="table-fn"}20019.00 ± 0.684.33 ± 1.28[\*](#tblfn0005){ref-type="table-fn"}19.33 ± 0.4210.00 ± 0.57[\*](#tblfn0005){ref-type="table-fn"}18.33 ± 0.614.00 ± 0.51[\*](#tblfn0005){ref-type="table-fn"}19.53 ± 0.4212.33 ± 0.95[\*](#tblfn0005){ref-type="table-fn"}[^1][^2][^3][^4][^5]

### 3.1.2. Cold allodynia: {#sec0080}

Paclitaxel administration resulted in the development of cold allodynia as reflected by an increase in the paw withdrawal response score to a non - noxious cold stimulus. While vehicle treatment did not alter the response, morphine (10 mg/kg, s.c) treatment resulted in a significant reduction in the paw withdrawal response score when compared to its pretreatment value ([Table 2](#tbl0010){ref-type="table"}). A dose dependent reduction of paw withdrawal response score was also observed in animals treated with different doses (25 -- 200 mg/kg) of trimethoxy flavones when compared to their pretreatment values ([Table 2](#tbl0010){ref-type="table"}). Compounds 7, 2′, 3′ -- trimethoxy flavone and 7, 3′, 4′ -- trimethoxy flavone showed maximum reduction in paw withdrawal response score in a dose of 200 mg/kg when compared to other two investigated compounds ([Table 2](#tbl0010){ref-type="table"}).Table 2Effect of trimethoxy flavones (TMF) on paclitaxel -- induced cold allodynia in mice[@](#tblfn0020){ref-type="table-fn"}Table 2Dose of test compounds mg/kg, s.c.Paw withdrawal response score7, 2′,3′ -- TMF7, 2′,4′ -- TMF7, 3′,4′ -- TMF7, 5,4′ -- TMFBefore treatmentAfter treatmentBefore treatmentAfter treatmentBefore treatmentAfter treatmentBefore treatmentAfter treatment2517.16 ± 0.3017.00 ± 0.5117.16 ± 0.3016.50 ± 0.4217.66 ± 0.2117.00 ± 0.4416.83 ± 0.4916.66 ± 0.475017.50 ± 0.8416.33 ± 0.3317.50 ± 0.2214.66 ± 0.42[\*](#tblfn0015){ref-type="table-fn"}17.16 ± 0.1610.00 ± 1.25[\*](#tblfn0015){ref-type="table-fn"}17.33 ± 0.3315.83 ± 0.65[\*](#tblfn0015){ref-type="table-fn"}10017.16 ± 0.549.16 ± 0.87[\*](#tblfn0015){ref-type="table-fn"}16.66 ± 0.6110.50 ± 0.56[\*](#tblfn0015){ref-type="table-fn"}17.00 ± 0.686.16 ± 1.07[\*](#tblfn0015){ref-type="table-fn"}17.83 ± 0.4712.66 ± 0.61[\*](#tblfn0015){ref-type="table-fn"}20017.66 ± 0.982.50 ± 0.42[\*](#tblfn0015){ref-type="table-fn"}17.83 ± 0.167.83 ± 0.98[\*](#tblfn0015){ref-type="table-fn"}16.83 ± 0.403.50 ± 1.05[\*](#tblfn0015){ref-type="table-fn"}16.83 ± 0.478.50 ± 0.56[\*](#tblfn0015){ref-type="table-fn"}[^6][^7][^8][^9][^10]

3.2. Thermal hyperalgesia {#sec0085}
-------------------------

In vehicle treated animals, the mean increase in reaction time was 0.06 ± 0.44 sec. This was significantly increased to 15.09 ± 0.88 sec in morphine (10 mg/kg) treated animals, thus offering 75.37% protection against paclitaxel - induced thermal hyperalgesia ([Table 3](#tbl0015){ref-type="table"}). A dose dependent prolongation of thermal latency was observed in mice treated with different doses (25 -- 200 mg/kg) of trimethoxy flavones ([Table 3](#tbl0015){ref-type="table"}). A maximum increase in mean reaction time of 10.17 ± 1.09 sec was observed with 200 mg/kg of 7, 2′, 3′ -- trimethoxy flavone offering 50% protection from thermal hyperalgesia. The peak effect of 7, 3′, 4′ -- trimethoxy flavone and 7, 2′, 4′ -- trimethoxy flavone were almost similar with a mean increase of 8.23 ± 0.84 sec and 7.80 ± 0.50 sec respectively offering nearly 40% protection. The mean increase in reaction time after 7, 5, 4′ -- trimethoxy flavone (200 mg/kg) was 5.86 ± 0.84 sec offering only 29% protection.Table 3Effect of trimethoxy flavones (TMF) on paclitaxel -- induced thermal hyperalgesia in mice[@](#tblfn0030){ref-type="table-fn"}Table 3Dose of test compounds (mg/kg, s.c)Mean increase in reaction time (seconds)7, 2′,3′ -- TMF7, 2′,4′ -- TMF7, 3′,4′ -- TMF7, 5, 4′ -- TMF251.83 ± 0.55 (8.87)1.12 ± 0.31(5.31)2.27 ± 0.41[\*](#tblfn0025){ref-type="table-fn"}(11.08)1.04 ± 0.23(4.91)505.62 ± 0.57[\*](#tblfn0025){ref-type="table-fn"} (27.88)2.98 ± 0.37[\*](#tblfn0025){ref-type="table-fn"} (14.64)3.64 ± 0.49[\*](#tblfn0025){ref-type="table-fn"} (17.95)1.47 ± 0.37(7.07)1008.52 ± 0.56[\*](#tblfn0025){ref-type="table-fn"} (42.42)5.69 ± 0.74[\*](#tblfn0025){ref-type="table-fn"} (28.23)5.42 ± 0.91[\*](#tblfn0025){ref-type="table-fn"} (26.88)3.97 ± 0.44[\*](#tblfn0025){ref-type="table-fn"}(19.60)20010.17 ± 1.09[\*](#tblfn0025){ref-type="table-fn"} (50.70)7.80 ± 0.50[\*](#tblfn0025){ref-type="table-fn"} (38.81)8.23 ± 0.84[\*](#tblfn0025){ref-type="table-fn"} (40.97)5.86 ± 0.84[\*](#tblfn0025){ref-type="table-fn"}(29.08)[^11][^12][^13][^14][^15][^16]

### 3.2.1. Effect of trimethoxy flavones on TNF α {#sec0090}

All the four trimethoxy flavones inhibited TNF α in a concentration dependent manner ([Table 4](#tbl0020){ref-type="table"}). In a concentration of 20 μM the investigated trimethoxy flavones inhibited TNF α to an extent of 18.04% to 29.10%. In the maximum concentration employed (240 μM) all the test compounds produced almost a similar degree of inhibition (80% -- 86%) of TNF α. Dexamethasone used as a standard drug exhibited an IC~50~ value of 31.32 μM to inhibit TNF α. The IC~50~ values of investigated trimethoxy flavones ranged from 60.13 μM, to 90.82 μM ([Table 4](#tbl0020){ref-type="table"}).Table 4Effect of various trimethoxy flavones (TMF) on TNFαTable 4Concentration of trimethoxy flavones (μM)% inhibition of TNF α activity7,2′,3′ TMF7,2′,4′ TMF7,3′,4′TMF7,5,4′ TMF2024.1828.4829.1018.043033.4235.1436.8226.426045.6449.6449.6442.7012060.3264.8264.3256.3624080.4882.2486.0280.82IC 50 μM76.2360.1360.1490.82[^17]

### 3.2.2. Effect of trimethoxy flavones on IL - 1β {#sec0095}

A concentration dependent inhibition of IL - 1β was exhibited by all the tested trimethoxy flavones ([Table 5](#tbl0025){ref-type="table"}). In a concentration of 20 μM all the trimethoxy flavones inhibited IL - 1β activity to an extent of 27% -- 37%. However, the above compounds when employed in a concentration of 240 μM produced nearly 80% -- 90% inhibition of IL - 1β activity. Dexamethasone used as a standard drug exhibited an IC~50~ value of 35.21 μM, The IC~50~ value of investigated trimethoxy flavones ranged from 33 μM,- 72 μM, ([Table 5](#tbl0025){ref-type="table"}).Table 5Effect of various trimethoxy flavones (TMF) on IL - 1βTable 5Concentration of trimethoxy flavones (μM)% inhibition of IL - 1β activity7,2′,3′ TMF7,2′,4′ TMF7,3′,4′ TMF7,5,4′ TMF2035.1427.4836.8627.183048.2637.6848.2438.626056.4446.3458.4848.4212063.5462.3668.4468.3624088.3880.1190.6885.48IC 50 μM33.9172.6233.3262.43[^18]

### 3.2.3. Effect of trimethoxy flavones on DPPH scavenging {#sec0100}

A potent DPPH scavenging activity was evident for all the trimethoxy flavones ([Table 6](#tbl0030){ref-type="table"}). The inhibition of DPPH radical by trimethoxy flavones was concentration dependent and the activity ranged from 28 -- 84 percent. The IC~50~ of 7, 2′, 4′ -- trimethoxy flavone was 48.62 μM, which is almost close to the IC~50~ of ascorbic acid (42.12 μM). The IC~50~ of other compounds ([Table 6](#tbl0030){ref-type="table"}) although slightly higher, were in a similar range (58.82 μM - 61. 21 μM,).Table 6Effect of various trimethoxy flavones (TMF) on DPPHTable 6Concentration of trimethoxy flavones (μM)% inhibition of DPPH activity7,2′,3′ TMF7,2′,4′ TMF7,3′,4′ TMF7,5,4′ TMF2030.1839.8229.8228.123039.4643.4438.4438.546051.2456.6850.1849.3512063.8264.1262.4862.8424084.2483.3280.3483.16IC 50 μM58.8248.6259.9161.21[^19]

### 3.2.4. Effect on nitric oxide generation {#sec0105}

A concentration dependent inhibition of nitric oxide generation was exhibited by various trimethoxy flavones ([Table 7](#tbl0035){ref-type="table"}). In the lowest concentration employed (20 μM) all the trimethoxy flavones inhibited nitric oxide generation to an extent of 28 -- 30%. In a maximum concentration of 240 μM these compounds inhibited nitric oxide generation by 75 -- 90%. Maximum inhibition was observed for 7, 2′, 3′ -- trimethoxy flavone. The IC~50~ values of these compounds were in the range of 32.39 μM, to 74.59 μM, while that of ascorbic acid was 41.22 μM ([Table 7](#tbl0035){ref-type="table"}).Table 7Effect of various trimethoxy flavones (TMF) on Nitric oxideTable 7Concentration of trimethoxy flavones (μM)% inhibition of Nitric oxide activity7,2′,3′ TMF7,2′,4′ TMF7,3′,4′ TMF7,5,4′ TMF2039.2438.4439.6228.923048.6844.2045.2440.686058.1457.2453.7648.2412072.3664.3659.0853.8624090.1885.2875.3476.14IC 50 μM32.3940.2946.9174.59[^20]

4. Discussion {#sec0110}
=============

Previous studies have indicated a significant effect of flavonoids in various types of neuropathy. Quercetin[@bib0025], [@bib0075], naringin[@bib0080], rutin[@bib0085] and nobiletin[@bib0090] have been reported to offer significant protection against diabetic peripheral neuropathy in experimental animals. Another study by Azevedo *et al*., (2013) reported significant protective effect of rutin and quercetin against oxaliplatin induced peripheral neuropathy and this effect was attributed to their antioxidant property[@bib0030].

Based on the above few reports and earlier results on the effectiveness of trimethoxy flavones in attenuating visceral, neurogenic and inflammatory pain[@bib0035], it was considered interesting to evaluate the possible role of trimethoxy flavones in ameliorating paclitaxel -- induced peripheral neuropathy.

In the present study, the investigated trimethoxy flavones dose dependently suppressed neuropathic manifestations induced by paclitaxel such as mechanical allodynia ([Table 1](#tbl0005){ref-type="table"}), cold allodynia ([Table 2](#tbl0010){ref-type="table"}) and thermal hyperalgesia ([Table 3](#tbl0015){ref-type="table"}). However, a statistically significant response was mostly observed only with 100 and 200 mg/kg doses of these compounds. Among the tested trimethoxy flavones, 7, 2′, 3′ -- trimethoxy flavone and 7, 3′, 4′ -- trimethoxy flavone produced maximum inhibition of mechanical allodynia, cold allodynia and thermal hyperalgesia. A maximum protection against thermal hyperalgesia ranging between 29 and 50 percent was observed with 200 mg/kg dose of different trimethoxy flavones. Thus, the present study further more establishes the efficacy of trimethoxy flavones in amelioration of paclitaxel - induced peripheral neuropathy in addition to their antinociceptive effect in other types of pain reported earlier[@bib0035].Neuropathic pain resulting from the use of cancer chemotherapeutic drugs is highly refractory to currently employed analgesic drugs. Newer, safe analgesic drugs that can provide adequate relief from the debilitating type of pain are urgently needed which can ensure proper completion of chemotherapy. More expanded studies to investigate the effectiveness of these trimethoxy flavones in neuropathy induced by other cancer chemotherapeutic drugs shall further strengthen their usefulness.

Various mechanisms like, enhanced cytokine release, changes in voltage gated ion channels, altered neurotransmission and cellular signaling pathways have been implicated in the development of chemotherapy induced peripheral neuropathy [@bib0095] .The effect of trimethoxy flavones on a few cytokines and free radicals was analysed in the present study.

**Effect of trimethoxy flavones on TNF- α and IL-1β:** Several studies have identified the over expression of inflammatory cytokines such as TNF-α and IL-1β in paclitaxel induced peripheral neuropathy[@bib0100], [@bib0105], [@bib0110]. Peripheral neuropathy appears quickly after the first dose of paclitaxel due to sensitization of nociceptors by the inflammatory cytokines[@bib0115], [@bib0120]. The level of TNF-α is increased in the sciatic nerve and spinal cord of a vincristine animal model[@bib0125] and the administration of TNF α neutralizing antibody reduced vincristine - induced allodynia and hyperalgesia significantly[@bib0130]. These findings provide evidence that cytokines are involved in the pathogenesis of chemotherapy - induced painful peripheral neuropathy.

Several flavonoids such as luteolin, quercetin and genistein were found to inhibit cytokines such as TNF -- α and IL-1β in a concentration-dependent manner[@bib0135], [@bib0140], [@bib0145]. Recent studies by Vidyalakshmi *et al*., (2012) and Kamalakannan *et al*., (2015) reported the inhibition of TNF --α and IL- 1β by certain dihydroxy and dimethoxy flavones respectively[@bib0150], [@bib0155]. In the present study, the investigated trimethoxy flavones also inhibited IL-1β and TNF- α in a concentration dependent manner. Compounds 7, 2′, 4′ -- trimethoxy flavone and 7, 3′, 4′ -- trimethoxy flavone exhibited a maximum inhibition of TNF-α compared to other trimethoxy flavones. The highest inhibition of IL-1 β was evident with 7, 2′, 3′ -- trimethoxy flavone and 7, 3′, 4′ -- trimethoxy flavone which exhibited 90% inhibition. The significant inhibition of cytokines TNF - α and IL -1β by the investigated trimethoxy flavones may contribute to the amelioration of paclitaxel -- induced peripheral neuropathic manifestations.

**Free radical scavenging activity of trimethoxy flavones:** Increased formation of free radicals has been attributed to the development of hyperalgesia associated with acute and chronic inflammation[@bib0160], [@bib0165]. It has been demonstrated that, paclitaxel treatment promotes mitochondrial injury, which leads to an increase in the release of free radicals resulting in peripheral neuropathy[@bib0040]. Several studies have shown that, administration of free radical scavengers such as phenyl N - tert -- butyl nitrone[@bib0170], vitamin C and N - acetyl - L -- cysteine[@bib0175] significantly reduced mechanical allodynia in paclitaxel - induced neuropathy. Overall inhibition of reactive oxygen species has been shown to inhibit neuropathic manifestations due to paclitaxel [@bib0180].

Several flavonoids have been shown to inhibit reactive oxygen species and many of their beneficial effects have been attributed to the antioxidant / free radical scavenging properties[@bib0185]. In the present study, a dose dependent inhibition of DPPH free radical generation activity was recorded for all the tested trimethoxy flavone compounds with a maximum effect ranging from 80.34% -- 84.24% ([Table 6](#tbl0030){ref-type="table"}). The free radical scavenging activity was further corroborated by the ability of the tested trimethoxy flavones in scavenging nitric oxide. Almost 90% inhibition was recorded in nitric oxide scavenging activity ([Table 7](#tbl0035){ref-type="table"}). Among the tested compounds, 7, 2′, 3′ -- trimethoxy flavone and 7, 2′, 4′ -- trimethoxy flavone exhibited highest inhibition of DPPH and nitric oxide free radical generation. The antinociceptive and antiinflammatory activity of many dihydroxy and dimethoxy flavone compounds has been attributed to their antioxidant / free radical scavenging activity[@bib0150], [@bib0155]. The potent antioxidant / free radical scavenging activity of trimethoxy flavones observed in the present study suggests that, this may be one of the important mechanisms contributing to the amelioration of paclitaxel -- induced peripheral neuropathy.

Alterations in many neurotransmitters, neuronal pathways and ion channels are implicated in the development of neuropathy. Currently employed drugs like opioids target opioid pathways, anticonvulsants act through GABA and antidepressant drugs act through monoaminergic mechanisms to alleviate the symptoms of neuropathic pain. In an earlier study, these trimethoxy flavones were subjected to detailed investigation to explore their interaction with various neuronal systems in mediating their antinociceptive action[@bib0035]. Involvement of opioid, GABAergic, tryptaminergic, adrenergic, dopaminergic and K^+^~ATP~ channel pathways in the antinociceptive action of trimethoxy flavones was established in that study[@bib0035]. The above mechanisms are also implicated in the development/manifestations of neuropathy[@bib0190], [@bib0195], [@bib0200]. Modulation of these pathways may also be suggested as plausible mechanisms leading to protection against paclitaxel -- induced peripheral neuropathy.

In conclusion, single administration of paclitaxel caused peripheral neuropathy in mice and the investigated trimethoxy flavones dose dependently attenuated the neuropathic manifestations induced by paclitaxel. The ameliorative effect of trimethoxy flavones on paclitaxel -- induced peripheral neuropathy may be through many neuronal mechanisms reported earlier[@bib0035] and may also involve an interaction with cytokines and reactive oxygen species found in the present study. The efficacy of trimethoxy flavones against neuropathy induced by other chemotherapeutic drugs is also worth investigating.
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[^1]: Each value represents the mean ± SEM of six observations.

[^2]: The paw withdrawal response score was 19.66 ± 0.33 and 19.50 ± 0.34 before and after treatment with vehicle

[^3]: The paw withdrawal response scores in morphine (10 mg/kg) treated mice were, 20.00 ± 0.00 before treatment and 3.16 ± 1.24^\*^ after treatment.

[^4]: P \< 0.05 compared to respective value before treatment

[^5]: All treatment groups received paclitaxel (10 mg/kg, i.p.) 24 h prior to the test. Tactile allodynia was determined before and 30 min after vehicle/morphine/trimethoxy flavones treatment on the next day.

[^6]: Each value represents the mean ± SEM of six observations.

[^7]: The paw withdrawal response scores were 17.66 ± 0.33 and 17.50 ± 0.34 before and after vehicle treatment.

[^8]: The paw withdrawal response scores in morphine (10 mg/kg) treated mice were 18.00 ± 0.00 before treatment and 1.83 ± 0.87^\*^ after treatment.

[^9]: P \< 0.05 compared to respective score before treatment.

[^10]: All treatment groups received paclitaxel (10 mg/kg, i.p.) 24 h prior to the test. Cold allodynia was determined before and 30 min after vehicle/morphine/trimethoxy flavones treatment on the next day.

[^11]: Each value represents the mean ± S.E.M of six observations.

[^12]: The values in parenthesis indicate the percentage of maximal protective effect.

[^13]: The mean increase in reaction time in vehicle treated animals was 0.06 ± 0.04 sec.

[^14]: The mean increase in reaction time after morphine (10 mg/kg) treatment was 15.09 ± 0.88 sec^\*^ (75.37%).

[^15]: P \< 0.05 compared with vehicle treatment.

[^16]: All treatment groups received paclitaxel (10 mg/kg, i.p.) 24 h prior to the test. Thermal hyperalgesia was determined before and 30 min after vehicle/morphine/TMF treatment on the next day. The mean increase in reaction time represents the difference in time latency recorded before and after treatment with the vehicle / test compounds.

[^17]: Each value represents the mean of three observations. The IC 50 value was calculated by linear regression analysis The IC 50 value of dexamethasone was 31.32 μM

[^18]: Each value represents the mean of three observations. The IC 50 value was calculated by linear regression analysis The IC 50 value of dexamethasone was 35.21 μM

[^19]: Each value represents the mean of three observations. The IC 50 value was calculated by linear regression analysis The IC~50~ of Ascorbic acid was 42.12 μM

[^20]: Each value represents the mean of three observations. The IC 50 value was calculated by linear regression analysis The IC~50~ of Ascorbic acid was 41.22 μM
